Abstract. Particle precipitation of magnetospheric origin causes additional ionization in the auroral zone at E-layer heights. During night-time, in particular at winter-night, the E-layer ionization may dominate over the F2-layer ionization level. To study the geophysical conditions and characteristics of the related ionospheric processes in more detail, we use GPS radio occultation electron density profile retrievals from CHAMP and Formosat-3/COSMIC to extract those vertical profiles which show the absolute maximum of ionization in the E-layer height range of 90-150 km. In order to select these profiles, we have developed an algorithm which can recognize the shape of a given profile by fitting an empirical Ansatz to it. Using data from CHAMP collected since 2002 and Formosat-3/COSMIC data starting from 2006, we are able to study both, the local-time dependence and the solarcylce variability of the observed processes.
Introduction
Measuring the signal phase of GPS satellites onboard Low Earth Orbiting (LEO) satellites in the limb sounding mode during the rising or declining phase, the vertical refractivity profile of the ionosphere and atmosphere can be deduced from the orbit height down to the Earth surface, respectively. Since the index of refractivity of the ionosphere depends mainly on the number of free electrons, the inversion of the measured signals can provide the vertical electron density profile (e.g. Hajj and Romans, 1998; Schreiner et al., 1999; Jakowski et al., 2002) . Radio occultation measurements onboard CHAMP have been used since April 2002 to retrieve
Correspondence to: C. Mayer (christoph.mayer@dlr.de) vertical electron density profiles on a routine basis. The automatically processed profiles (Wehrenpfennig et al., 2001) are available via the DLR space weather service SWACI (2007) . More than 200 000 profiles have been retrieved so far by using a model assisted retrieval technique (Jakowski, 2005) . Validation with mid-latitude ionosonde stations in Europe provided reasonable results with an RMS error of about 1 MHz throughout the entire profile .
While the electron density profiles derived from CHAMP occultations cover a long period of time, the six Formosat-3/COSMIC satellites, launched in April 2006, provide a unprecedented data coverage for detailed studies of the vertical ionospheric structure (e.g. Rocken et al., 2000; Schreiner et al., 2009 ). The comparison of CHAMP electron density profiles with electron density profiles deduced from the radio occultation measurements onboard the Formosat-3/COSMIC satellites, which are provided by the data center TACC/CDAAC, revealed good agreement with a RMS of less than 1.4×10 11 m −3 for NmF2, cf. Jakowski et al. (2006) . The six Formosat-3/COSMIC satellites are in orbits between 600 km and 800 km height and provide up to 2500 globally distributed electron density profiles each day, both from rising and setting GPS occultations.
The achieved accuracy in retrieving vertical electron density profiles allowed us to select those profiles having the peak density in E-layer heights between 90 and 150 km at higher latitudes. The high latitude E-layer, in particular within the auroral oval, is strongly influenced by particle ionization, whereas auroral ion precipitation is, on average, situated equatorward of electron precipitation, (Jayachandran et al., 2002; Hardy et al., 1991) . Following the above mentioned selection rule, we do not distinguish between these different types of ionization or sporadic E-layer formation. Therefore, the selected vertical electron density profiles simply refer to an "E-layer dominated ionosphere" (ELDI).
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Profile recognition
In this section, we explain how we recognize electron density profiles by fitting suitable functions to the profiles in the Flayer/topside 1 and E-layer height range. Then we can assess the profile using information of the fit such as its convergence and residuals (χ 2 ).
F-layer and topside
For the F-region and the topside part of a given electron density profile we use an empirical Ansatz consisting of an (α-)Chapman layer function and an exponentially decreasing topside approximation,
with the Chapman layer function defined as,
with z=
, and the topside approximation, with a linearly varying topside scale height,
Between these functions a smooth interpolation is performed by using the smooth "step functions",
We would like to mention that another way of connecting a Chapman layer function to the topside is the vary-chap Ansatz of Reinisch et al. (2007) . Since the function f F,top (h) depends on nine parameters, N F , h F , H F , N top , h top , H top , a top , h p , and H p , we fix
in order to reduce the number of unknowns. As the function f f,top (h) depends in a non-linear way on the parameters we use a non-linear least squares optimization algorithm (Markwardt and Rivers, 2008) which is adapted from the FORTRAN77 MINPACK software.
E-layer
For the E-layer we fit the Chapman layer function (Eq. 2) to the profile in the range of 80 to 150 km. Figure 1 shows a well-fitted Formosat-3/COSMIC profile with clearly separated E and F-layers.
Data analysis
After applying the procedure described in Sect. 2 to Formosat-3/COSMIC and CHAMP electron density profiles, we have selected profiles which indicate an "E-layer dominated ionosphere" according to
In this study we use only profiles located in the Northern Hemisphere, latitude >45 H E <40 km (with H E denoting the chapman E-layer scale hight) and the statistical quality check χ 2 /dof <1. Table 1 summarizes the data basis used in this paper and the performance of our profile recognition algorithm. The number of bad profiles for which the analysis with the profile cognition algorithm fails is less than 2.1% for Formosat-3/COSMIC profiles, and less than 0.1% for CHAMP profiles.
Spatial and temporal relationships
In Fig. 3 we plot the geographical locations of Formosat-3/COSMIC profiles which satisfy Eq. (7) on the Northern Hemisphere. The selected profiles seem to be distributed along the auroral oval.
In the northern winter season ELDI profiles occur at high latitudes in the local night-time, showing two maxima at 01:00 LT and 07:00 LT, cf. Fig. 2 .
In order to study the solar-cycle dependence of the occurrence of ELDI profiles, we have analysed CHAMP profiles from the winter of 2002/2003 and 2006/2007 . As Fig. 2 shows, the local-time dependence is similar to the selected Formosat-3/COSMIC profiles. Note that near the solar-cycle ig. 3. Circle fit to the distribution of Formosat-3/COSMIC profiles which statisfy the ELDI condition. The yellow star marks the center of the circle fitted to the data, which coincides with the geomagnetic pole. 
Relation to the auroral oval
If the radio occultation profiles with an ELDI signature are related to polar particle preciptiation, we expect the profile distribution in Fig. 3 to be centered around the geomagnetic pole. Instead of using geomagnetic coordinates, we approximate the distribution of profiles first by a circle and next by an ellipse using a non-linear fit to the geographic profile positions. For comparison, an auroral oval model using a fourier series in geomagnetic coordinates is discussed in Feldstein (1963) and Holzworth and Meng (1975) . We have fitted the (3-D Cartesian) positions x i of all selected ELDI profiles on the Northern Hemisphere with all local times to a circle, parameterized by its offset p from the geographical north pole and its radius r by minimizing the cost function
where we normalize all 3-vectors to unit length and take the latitude/longitude of p and r as parameters to be determined by the non-linear fit. As a result we obtain p = (83.02
cf. Fig. 3 . Note that p is close to the position of the geomagnetic pole, which, according to the IGRF model for the epoch 2007, is at (82.20 • N, −82.98 • E) (IGRF CGM, 2008) . Thus, in a first approximation, the selected profiles follow a circle around the geomagnetic pole. In order to obtain a better approximation of the distribution of ELDI profiles, we fit the distribution of selected ELDI profiles to an ellipse, E 0 , parameterized by the two focal points, p 0 and q 0 , and the major axis parameter, a 0 . Here, we minimize the cost function
where again all 3-vectors have unit length. When we perform this non-linear fit, we obtain for the focal points p 0 =(74.49 • N, −80.27 • E), q 0 =(90.00 • N) and for the major and minor axis parameters a 0 =24.61 • , b 0 =23.36 • , respectively. Note that the circle-fit magnetic pole position lies on the great-circle between p 0 and q 0 of the improved ellipse approximation, cf. Fig. 4 . It is interesting to note that one focal point fits very well to the geographic pole. After transforming the ellipse into magnetic coordinates, we find that it matches the local magnetic night-time southward boundary given by the Feldstein representation of the auroral oval at midnight magnetic local time and at middle activity level 3, Feldstein et al. (2008 ), Feldstein (1963 and Holzworth and Meng (1975) . For a discussion of different auroral (boundary) models we refer to Szuszczewicz et al. (1993) .
Occurrence probablilty
In order to calculate the probablity for finding an ELDI profile at position x and local time t, the following procedure is applied. Using the ellipse E 0 constructed in the last subsection as a reference, we construct a family of ellipses parameterized by the major axis parameter,
which are centered on E 0 . This implies that p and q lie on the great-circle determined by p 0 , q 0 . In this way we are able to associate with every profile position x an ellipse E a of the familiy defined in Eq. (11) with parameter a(x). In order to obtain the density distribution of ELDI profiles from the Formosat-3/COSMIC data sample, we compute the local time and ellipse parameter a of each selected profile and bin the corresponding data into 1 h/2 • bins. The resulting smoothed two-dimensional histogram is shown in Figs. 5 and 6 for A p ≤10 and A p >10, respectively. Note that the probability of finding a profile with precipitation signature can be as high as 80% in the local morning hours between 07:00 and 08:00 local time.
As expected, there is a dependence of the profile distribution on the A p index. For A p ≤10 the distribution is localized in a, while for A p >10 the distribution is shifted to larger values of a and is broader in a, cf. Figs. 5, 6, due to enhanced pitch angle distribution of ionizing particles, see Khazanov et al. (2007) .
Conclusions
We have shown that electron density profiles obtained by the GPS radio occultation method can be used to study the phenomenon of particle precipitation in high latitudes. In particular, the Formosat-3/COSMIC mission allows to investigate the polar ionosphere in great detail, while with CHAMP data we are able to investigate solar-cycle dependent effects.
Ionospheric radio occultation measurements from CHAMP and COSMIC/Formosat-3 indicate a significant number of ELDI profiles characterized by NmE>NmF2 distributed symmetrically around the magnetic pole. We obtain this result by a non-linear fit of a circle and subsequently of an ellipse to the spatial distribution of selected profiles, without using any prior information about the Earth's geomagnetic field.
The shape of this distribution can be approximated by an ellipse. Using a family of ellipses the probability of observing an ELDI profile can be computed depending on local time and ellipse major axis parameter. This distribution may be used to create a model of the occurrence of the ELDI condition in the polar ionosphere, which would be useful, e.g. for HF propagation forecasts.
ELDI is a regular phenomenon in the nighttime auroral zone of the winter hemishere. Between 07:00 and 08:00 local time and a between 20 • and 25 • , up to 80% of all measured profiles show an ELDI signature.
During the proton events of December 2006 we have detected ELDI profiles close to the geomagnetic pole (5 • <a<10 • ) between 11:00 and 14:00 LT, indicating day side particle precipitation as described e.g. by Mende et al. (2001) .
